When NO replaces CO in hemoglobin A in the presence of inositol hexaphosphate, the time course is heterogeneous in contrast to stripped hemoglobin A, where it is homogeneous. If nitrosyl hemoglobin is mixed with inositol hexaphosphate in the stopped-flow apparatus, an extra spectral change is observed which is the cause of the spectral-kinetic heterogeneity in the CO replacement reaction. At wavelengths isosbestic for this extra spectral change, the time courses show an accelerating rate of CO dissociation. On the other hand, the same reaction for NES-des-Arg hemoglobin (hemoglobin reacted with N-ethylmaleimide and carboxypeptidase B) in the presence of inositol hexaphosphate is homogeneous and slow, and shows isosbesty. High-resolution nuclear magnetic resonance spectra indicate that adult nitrosyl hemoglobin in the presence of inositol hexaphosphate is in the low ligand affinity state, thus offering a structural basis for the acceleration observed in the rate of CO dissociation.
Hemoglobin Kansas, in the presence of inositol hexaphosphate, which starts and finishes the reaction in the low affinity state, shows a rate of CO dissociation about nine times faster than stripped hemoglobin A. We conclude from these results that (i) the CO to NO replacement reaction can include a functionally important change in the overall conformation of fully liganded hemoglobin, depending on solution conditions and protein type; (ii) the extra spectral change observed for nitrosyl hemoglobin is not the functionally dominating conformational change, but is a secondary effect within the low ligand affinity protein structure; and (iii) the functional properties of heme ligands are largely controlled by two conformational states of the protein, as seen by nuclear magnetic resonance spectroscopy.
As part of a larger study to correlate the structure of hemoglobin in solution by nuclear magnetic resonance (NMR) with its kinetic properties, we elected to study in detail the CO replacement reaction by NO for adult hemoglobin (HbA) and hemoglobin Kansas (a2#2s02Asn --Thr) at various wavelengths and solution conditions (1) . Although the CO replacement reaction by NO has been used extensively in the past (2) , no detailed study of the wavelength dependence of this reaction was available. Since the solution conditions we wished to use have been shown to induce spectral-kinetic heterogeneity with other ligands (3), it was necessary to understand this reaction in HbA. 
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The present kinetic and NMR study of adult hemoglobin and hemoglobin Kansas indicates that adult nitrosyl hemoglobin + inositol hexaphosphate (IHP) and nitrosyl hemoglobin Kansas with and without IHP are in the low affinity state.
MATERIALS AND METHODS
Human adult hemoglobin was obtained from two normal individuals, and hemoglobin Kansas was obtained from the blood of Mr. D. H. Boyce and prepared as described elsewhere (1) . The samples were further stripped of phosphate by passage through Sephadex G-25. All gases used were from Matheson Co. The IHP was from Sigma Chemical Co., and the IHP solutions were adjusted to the desired pH with concentrated HCL. The NES-des-Arg hemoglobin (hemoglobin reacted with N-ethylmaleimide and carboxypeptidase B) used for this study was prepared freshly according to the method of Kilmartin and Hewitt (4) .
The kinetic measurements were performed with a model D-110 Durrum-Gibson stopped-flow spectrophotometer with the absorbance output recorded either on a Biomation model 802 transient recorder or a Hewlett-Packard model 7004 B xy recorder equipped with a calibrated model 17172A time base unit. All experiments were performed with a 2-mm path length at 0.15-mm slit width. The instrument was checked by studying the CO replacement reaction of myoglobin by NO, which gave excellent kinetic isosbestic points. All samples-were treated anaerobically without the use of dithionite. NMR studies were performed on a Varian 220 high-resolution spectrometer as described elsewhere (1) .
RESULTS
The time courses of the absorbance change upon mixing stripped, fully saturated HbCO with NO-saturated buffer at various wavelengths are shown in Fig. 1A . The reactions are homogeneous and show a good isosbestic point at 412.8 nm. In adult hemoglobin plus IHP (Fig. 1B) , the original isosbestic point at 412.8 nm is lost. There is a lag period both at 412.8 nm and 396 nm. One possible interpretation of the results in Fig. 1B is that IHP introduces a third spectral component which destroys the isosbestic.
To test this interpretation, IHP in 0.2 M Bis-Tris + 0.1 M NaCl pH 7.0 was saturated with CO and mixed with COsaturated adult hemoglobin in the same buffer in the stoppedflow apparatus. No significant changes in the optical spectrum were observed. Next, the same hemoglobin was converted to the NO form and mixed with NO-saturated IHP buffer in the stopped-flow apparatus. A large, relatively fast +.5 Fig. 3A Fig. 2A and 3A and B. The lag period and slower time course observed in Fig. 1B compared to the rate in Fig. 2 occurs because the rate-limiting step in Fig. 1B is the dissociation of CO and not the relatively faster spectral change in HbNO with IHP (compare Fig. 2 and Table 1 ). In order to make true measurements of the CO off rate in the presence of IHP, it is necessary to observe the reactions at wavelengths isosbestic for this extra spectral change in Fig. 3 (see legend to Fig. 4 ). When such measurements are made, the CO off rate shows a gentle acceleration (Fig. 4,  curve 3 ) compared to the stripped protein (curve 1)..The initial rate has the same value as the stripped CO off rate. When NES des-Arg hemoglobin is studied in the presence of IHP, two important results are seen. First, there was almost no significant extra spectral change when stripped NES des-Arg HbNO was mixed with IHP ( Fig. 3) . Second, this same protein showed no acceleration in the CO off rate (Fig. 4, curve 2) . Thus, hemoglobins "locked" in the R state do not show the same behavior as cooperative hemoglobins. The slightly faster CO off rate is not considered to be experimentally significant. The most significant result is that when a large extra spectral change is observed at the HbCO-HbNO isosbestic wavelengths, the CO off rate shows a marked acceleration at wavelengths isosbestic for that extra spectral change. When this extra spectral change is inhibited as in NES des-Arg hemoglobin, the CO off rate approaches that of the stripped protein, even with IHP present. Thus, this extra spectral change either coincides with a functionally significant change in the structure of hemoglobin occurring at 0.65 secor it occurs after a faster, functionally significant change. In order to separate these two possibilities, we studied NO binding to deoxy hemoglobin with and without IHP. At the concentration of reagents used in these experiments, NO binding occurs within the mixing time of the stopped-flow experiment (about 2 msec) (2). Hence, when NO is mixed with phosphate-free deoxyhemoglobin at pH 7.0, no spectral changes are observed. However, when deoxyhemoglobin with IHP is mixed with NO, we see spectral changes that have exactly the same rate and wavelength dependence as fully NO-saturated, stripped hemoglobin mixed with IHP (compare A and B of Fig. 2 ). Since deoxyhemoglobin starts in the T state and ends in the T state when NO is the ligand (see below), this result suggests that the extra spectral change does not coincide with the R T switch per se but rather is a spectral change that occurs within the T state.
Since it is known that carbon monoxide hemoglobin Kansas with IHP is in a low affinity form (1), we measured the CO off rate from hemoglobin Kansas with IHP. The results at the isosbestic wavelengths of Fig. 3B are shown in Fig. 4 , curve 4. The rate is almost completely homogeneous and presents the fastest CO off rate observed (see Table 1 ), as would be expected for a reaction that began and ended in the T state.
In previous NMR studies it was shown that the peak at -14 ppm downfield from dimethyl silapentane could only be observed for hemoglobins that are in the low affinity form, such as deoxygenated hemoglobin A, hemoglobin Kansas-CO plus IHP, and hemoglobin M Iwate-CO (1, 6, 7) . The present kinetic results suggested that adult nitrosyl hemoglobin + IHP was in a low affinity form, whereas adult carbonmonoxide hemoglobin + IHP was known to be in a high affinity form (1) . The NMR results listed in Table 1 show the presence of a -14 ppm peak for adult nitrosyl hemoglobin + IHP at pH 7.0. On the other hand, stripped nitrosyl hemoglobin and carbonmonoxide hemoglobin plus IHP show no NMR peak in this region. Other kinetic results § suggested that stripped nitrosyl hemoglobin Kansas was also in the T structure. NMR studies on this stripped protein show the -14 ppm peak when NO is the ligand but not when CO is the ligand ( Fig. 4) is not affected by IHP, contrary to the conclusion of Gray and Gibson (8) . Instead, the accelerating CO off rate results from the R --T transition, as described (9) . Furthermore, we have observed § that the CO off rate from stripped hemoglobin Kansas is faster than from stripped HbA and accelerates because the NO ligand switches the conformation of this mutant hemoglobin (Table  1) . A faster CO off rate for stripped hemoglobin Kansas has also been observed by Gibson et al. (10) . They have attributed this result to an abnormal R state in the mutant. However, from our results we explain the acceleration on the basis of an R T switch, in a manner almost exactly the same as was observed for hemoglobin A + IHP (Fig. 4 and Table 1 ).
In the experiments with carbonmonoxide hemoglobin Kansas + IHP, the state of the protein does not change during the reaction, since the NMR results indicate that both the CO and NO forms with IHP are in T. Edelstein's dimerization constants for Hb Kansas + IHP under the conditions of Fig. 4 show that the reaction is uncomplicated by dimers and, hence, gives a true measure of the CO off rate from the T ligated state. The nine-fold faster CO off rate observed for the T state again illustrates the dominating effects of quaternary structure upon the ligand affinity. § J. M. Salhany, S. Ogawa, and R. G. Shulman, manuscript in preparation.
(II) The extra spectral change seen in adult nitrosyl hemoglobin + IHP is not the R -* T switch per se but is a secondary phenomenon within the T state.
This conclusion is supported by the fact that the extra spectral change occurs when less than 10% HbNO is formed from deoxyhemoglobin + IHP §. Furthermore, the ratio of the extra spectral change at 430-422 nm is the same for this partial NO saturation as for full NO saturation. Therefore, the deoxy hemes, which at 430 nm are quite sensitive to the R T switch (2) , are unaffected by this 0.65 sec-spectral change, indicating that it is not a widespread change. Also in support of this conclusion are the flash photolysis experiments of Gibson and Parkhurst (11) on (aNO3CO)2 + 2,3-diphosphoglycerate. They found that when the CO was flashed off (full flash) it recombined as slowly as CO binding to deoxyhemoglobin. Thus, (aNOj3deoxy)2 + diphosphoglycerate switched to the low affinity structure in less than a millisecond and clearly not at 0.65 sec'.
Finally, in the past, functional differences between different hemoglobins have been explained by varying the Monod parameter L (L = T/R) and keeping c (c -KR/KT) constant (12, 13) . Recently, it has been shown (14) that both L and c are changed by addition of organic phosphates to adult hemoglobin. The present results show that there is a difference in c for NO binding compared to CO binding in adult hemoglobin under the same solution conditions where L must be constant, since it is defined in the absence of ligands.
